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Fig. 2. Speciﬁc surface area of BN under ball milling.

Fig. 1. TEM image and selected area electron diffraction for initial h-BN.

4.3 kJ/g, the rods are signiﬁcantly smaller (most rods are thinner
than 5 nm). For this dose the SAD patterns show reﬂexes of polycrystalline boron nitride and an amorphous halo (primary data are
not shown). Finally, for the sample under the dose of about 22 kJ/g
(Fig. 3b) SAD corresponds to almost completely amorphous material.

The reﬂection on selected area electron diffraction pattern corresponds to h-BN (Fig. 1) and suggests that the tablets are
monocrystalline. The original h-BN XRD pattern indicates that the
intensity of lines 0 0 2 and 0 0 4 is essentially higher than in the
standard spectrum (texturing). In addition, lines 0 0 2 and 0 0 4 are
noticeably widened. The line widening is due only to reduction
in size of L of CSR: L(0 0 2/0 0 4) = 84 ± 15 nm, ε (0 0 2/0 0 4) = 0. The
lines in the direction of [1 0 0] are not widened, allowing to conclude
that L(1 0 0) > 150 nm.
The value of speciﬁc surface area (S) measured by BET of original h-BN sample is S = 12 m2 /g. For ﬂat tablets of thickness h, which
is considerably smaller than the tablet diameter, the geometrical
speciﬁc surface area is S ≈ 2/h (here  is density). The thickness
estimate based on this formula gives the value of h = 71 nm. Thus,
the results on the tablet thickness are conﬁrmed by three independent methods.
Therefore, we can conclude that the original h-BN samples are
microcrystalline and have the shape of tablets with diameter of
300–500 nm and thickness of 70–80 nm. The ﬂat side of tablets
corresponds to the basal plane [0 0 1].
The BN destruction and amorphization under ball milling
Fig. 2 shows the dependence of speciﬁc surface area measured
by BET on the dose of mechanical treatment. At the initial stage of
mechanical treatment speciﬁc surface area increases with increase
of the dose, reaches maximum of about 400 m2 /g (at the dose of
6–8 kJ/g), and then decreases as the dose continues to increase.
Adsorption measurements in the broad interval of pressure have
shown no microporosity at the initial stage of mechanical treatment.
Fig. 3a shows a microphotograph and microdiffraction pattern
for the BN sample activated under the dose of 2.2 kJ/g. Apparently,
the activated sample consists of long “rods” with 5–25 nm thickness. Selected area electron diffraction (SAD) patterns of the phase,
formed during the ball milling (Fig. 3a), is characterized by the presence of the diffraction rings of polycrystalline boron nitride. The
calculated interstitial distances for ring-type reﬂections are: 3.33,
2.16, 2.07 and 1.82 Å, which is in good agreement with the hexagonal boron nitride parameters. For the sample under the dose of

Fig. 3. TEM image and selected area electron diffraction for mechanically activated
BN under the dose of 2.2 (a) and 22 (b) kJ/g.

Table 1
Comparison of the rod thickness obtained by TEM, BET and DLS techniques.
N

Dose (kJ/g)

TEM

BET

DLS

1
2

2.2
4.3

5–25 nm
<5 nm

10 nm
6 nm

–
5.5 nm

It is natural to assume that, in the absence of micropores, speciﬁc surface area is the external surface of the rods. Under the
assumption that rods length considerably exceeds their thickness
the speciﬁc surface area S is found to be about 4/h. Table 1 compares h values, calculated using this formula with the data of TEM.
Clearly a satisfactory agreement is observed.
XRD patterns of mechanically activated BN under various doses
are presented in Fig. 4. As doses of mechanical treatment increase,
the BN lines widen. The lines 0 0 2 and 0 0 4 are widened much more
than the line 100. For the dose of 2.2 kJ/g the CSR size estimated
using Sherrer’s formula for the line 0 0 2 was L(0 0 2) ∼ 30 nm and for
the line 100 it was L(1 0 0) > 130 nm. The anisotropy of roentgen line
widening could indicate that rods are crystallographically oriented
and their long side has a direction [1 0 0].
Under higher doses of mechanical activation, at the stage of
reduction of speciﬁc surface two broad maxima are observed on
diffractograms. The CSR formal estimation for diffractogram 7 in
Fig. 4 results in L(0 0 2) ∼ 1.2–1.5 nm.
Additional conﬁrmation that the entire activated material at low
doses consists of long rods is obtained from the Dynamic Light Scattering (DLS) spectroscopy. This method yields the translational and
the rotational diffusion coefﬁcients (Dtr , , respectively) of particles in solution (and/or suspension) from which the distribution of
the apparent hydrodynamic radius and the shape of particles can
be deduced. The shape of the size distribution function at different scattering angles for activated sample with the dose of 4.3 kJ/g
reveals that: (1) BN particles have strongly anisotropic shape, (2)
Dtr = 3.97 × 10−12 m2 /s and  = 289.4 s−1 , (3) the rigid rod scattering model [11] suggests that the rods of the 450 nm in length and
5.5 nm in diameter is one possible solution that produces the values of  and Dtr that are similar to experimental values. The value
of 5.5 nm for sample 2 in Table 1 is similar to the values obtained
from other methods.
In summary, mechanical treatment in the ball mill can be
divided into two stages: under doses up to 6–8 kJ/g monocrystalline
tablets of h-BN are cleaved to nanocrystalline rods, speciﬁc surface of which reaches hundreds of m2 /g; under higher doses the
amorphization processes start to appear and reduction of speciﬁc

Fig. 4. X-ray diffraction patterns of BN after mechanical activation. Diffractograms
correspond to doses: 0(1), 2.2 (2), 4.3(3), 6(4), 8.6 (5), 25 (6) and 32(7) kJ/g.

Fig. 5. FTIR spectra of initial h-BN sample (1) and ball milled samples with doses of
6.5 (2) and 22 (3) kJ/g as compared with the model FTIR pattern for B2 O3 (4).

surface begins. By the moment when amorphization processes are
dominant transversal dimension of “nanorods” is less than several
nanometers.
It was found that the mechanical treatment causes a shift of XRD
lines 0 0 2 and 0 0 4 towards small angles in addition to their widening. Also, the lines become anisotropic in shape (Fig. 4) under the
treatment. The shift of lines 0 0 2 and 0 0 4 towards small angles
points to the increase in the d002 distance between basal planes
in BN. By the dose of 10 kJ/g, the distance estimated by position of
line 0 0 2 maximum, d002 , increases from 0.3343 to 0.3365 nm. The
anisotropy of the line 0 0 2 indicates possible formation of several
fractions, differing by the extent of lattice “swelling”. It appeared
that the shape of line 0 0 2 can be described satisfactory with the
assumption of three or four fractions present. The more pronounced
the lattice “swelling” is in a fraction, the wider the line in this
fraction is.
“Swelling” of the mechanically activated BN lattice has also been
conﬁrmed by FTIR spectroscopy. The FTIR spectra of original h-BN
sample have two bands at ∼820 and ∼1370 cm−1 (Fig. 5). According
to [12], the band with the maximum at 1370 cm−1 corresponds to
in plane vibration and the band at 817 cm−1 corresponds to out-ofplane vibrations. Fig. 5 shows that the mechanical activation results
in a shift of the band from 820 cm−1 towards low frequencies by
about 20 cm−1 . The shift of this band is indicative of the increase in
the interlayer distance d002 [13].
Mechanical activation also results in appearance of new bands
in FTIR spectra at 1030, 1500, and 3150 cm−1 . Control experiments

Fig. 6. Consumption of H2 during ball milling of BN. H2 pressure is (3–5) 104 Pa.

Table 2
The depth (˛, %) of BN + H2 O reaction at different temperatures.
Dose (kJ/g)

˛1 (T = 20 ◦ C)

˛2 (T = 70–90 ◦ C)

2.2
6.5
22
32

3
5
3
17

–
13
36
56

have shown that the appearance of new bands at 1500 and
∼3200 cm−1 may be attributed to B2 O3 . Boron oxide emerges in
the samples, probably, as a result of the activated BN hydrolysis by
water vapors from atmosphere during storage (see Section 3.4).
Mechanochemical hydrogenation of BN
Fig. 6 shows the dependence of the amount of absorbed hydrogen molecules on the dose of mechanical treatment. The rate of
hydrogen absorption is nearly constant up to the doses of about
8 kJ/g and then it slightly decreases with the increase of the dose.
Maximum amount of absorbed hydrogen under experimental conditions is 0.8 wt%.
Under the dose of 8 kJ/g the speciﬁc surface area appears to
be equal to S = 250 m2 /g and the amount of absorbed hydrogen molecules is N = 1.3 × 1021 molecules/g. This corresponds to
the surface ﬁlling N/S with about 1 × 1015 hydrogen atoms per
cm2 , i.e. the ﬁlling is close to monolayer type of ﬁlling. After
hydrogen chemosorption, the BN (band 2600 cm−1 ) and NH (band
3086 cm−1 ) groups formation was observed by FTIR method. It
can be assumed that hydrogen interacts with disrupted bonds of
–B· · ·N–, that inevitably appear upon cleavage of boron nitride particles with formation of “nanorods” according to the reaction
–B—N- → - B· · ·N - + H2 → -BH + HN–

Conclusions
Two processes take place during mechanical treatment of h-BN
monocrystals. At the initial stage of mechanical treatment, the main
process is cleavage of boron nitride plates in the plane (0 0 1) and
formation of crystallographically oriented nanodimensional rods.
The external speciﬁc surface of the rods reaches 400 m2 /g.
The particle cleavage stimulates boron nitride hydrogenation
(reaction 1) with formation of –BH and HN– groups in a concentration similar to monolayer. The detailed mechanism of amazing
processes of “oriented” cleavage requires further investigation.
The second process happening during the mechanical treatment
is disordering of the BN crystalline structure. This is revealed in
the increase of interlayer distance d002 , registered by XRD and FTIR
techniques. It is possible that the lattice “swelling” is due to the
processes of shifting along the plane (0 0 1), resulting in the loss of
mutual orientation of these planes and boron nitride transition to
the turbostratic and amorphous structures. Amorphization of BN is
accompanied by the emergence of chemical activity during interaction with water (reaction 2). As a result of mechanical activation the
depth of reaction 2 is near 60% even at 100 ◦ C, whereas for hydrating
of non-activated BN the temperature has to be raised to 1000 ◦ C.
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Original boron nitride is chemically inert, including its zero sensitivity to oxidation up to 1000 ◦ C. After mechanical activation BN
acquires the ability to interact with water at room temperature
according to the reaction
2BN + 3H2 O → B2 O3 + 2NH3 ↑,
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soluble upon heating above 60 ◦ C.
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in the reaction 2 with water. The XRD line of BN observed before
the hydrolysis does not disappear after interaction with water, but
becomes narrower.
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